ABSTRACT. We investigated foraging ranges and strategies of lung penguins at the Crozet Islands (Southern Ocean) for 19 mo using satellite traclung for the first time in this species. Eighteen penguins were fitted with transmitters to determine foraging behaviour throughout the breeding cycle in relation to oceanographic data. The mean foraging range was 471 * 299 km (range 144 to 1489). The total length of trips was 1239 * 671 km (range 397 to 3893), i.e. 64 * 31 km daily. So, the range of the lung penguin is much greater than previously supposed. Two types of track were distinguished, each associated with a different foraging strategy: long and &recl trips to predictable marine resources (towards the Polar Front), and, around the time of hatching, shorter circular trips, during which the birds probably fed on less-predictable resources. During winter, trips appeared erratic and were at their longest (at least 3893 km and foraging range > 1488.7 km). There was a change in the length and direction of tracks according to the breeding phase of the king penguin and probably also according to the position of the Polar Front which moves northwards during austral winter and autumn. All the locations of king penguins were restricted to the zone of modified Antarctic waters around the Crozet Islands, where myctophids, the major prey of king penguins, are available between 200 m deep and the surface (5OC isotherm). Near the Antarctic circumpolar current where cold water masses flow, we found fewer king penguin locations than near the Polar Front where the 5°C isotherm reaches the surface. We suggest that the foraging ecology of the king penguin is closely related to oceanographic features and the biology of its main prey.
INTRODUCTION
During the last decade, technological devices have permitted the development of research on seabirds at sea. Satellite tracking is particularly informative and was first used on large flying birds such as the wandering albatross Diomedea exulans (Jouventin & Weimerskirch 1990 ). Subsequently the technique has been used on other birds, particularly on penguins, a major component of the predator-prey system in the Southern Ocean (Adelie penguin Pygoscelis adeliae, Davis & Miller 1992 ; emperor penguin Aptenodytes forsteri, Ancel et al. 1992a. b) .
Aerial locomotion is completely different from locomotion at sea: penguins are 10 times slower than flying birds (Meinertzhagen 1955 , Wilson et al. 1989 . It has therefore been assumed that their foraging ranges are limited (Wilson & Wilson 1990 ). Consequently, it was difficult to understand how a non-flying seabird such as the king penguin Aptenodytes pataqonica, the second largest penguin, which weighs more than 12 kg and is sedentary for three-quarters of the year, can live in feeding grounds around the Crozet Islands where half the world population of one million breeds (Jouventin et al. 1984 , Woelher 1993 .
The seabird community of the Crozet Islands is probably the richest in the world: 25 million birds of 36 species breed on these small oceanic islands, which irnplies ecological segregation between them (Jouventin et al. 1984 , Jouventin 1990 . Around the Crozet Islands, king penguins are the major predator species, annually catching up to 416 000 t of fish (mainly myctophids) and also squid (Ridoux 1987 , Ridoux et al. 1988 , and maybe even twice that quantity (Y. Cherel pers. comm.) according to new numbering (Weirnerslurch et al. 1992b ). However, we do not yet know how far they go and In what area they forage to catch so many myctophids.
Until recently, only indirect estimates of the distances travelled by foraging seabirds were available (Croxall & Prince 1980 , Williams & Siegfried 1980 , Lishman 1985 . During a long-term program of observation at sea, we observed king penguins from our ship in the Indian Ocean between 43 and 54" S only (Stahl et al. 1985) . Combining these observations taken at sea with the duration of the penguin feeding trips and their swimming speeds, these authors estimated penguin foraging range to be 120 km around the Crozet Archipelago in February. Adams (1987) in the same oceanographic area (Marion Island), also extrapolating from the travelling speeds combined with chicks and brood shift lengths of breeders, obtained a foraging range of about 300 km. Since penguins do not swim in a straight line, Wilson et al. (1989) lowered the latter estimate to 175 km. Recently, at the Crozet Islands, Kooyman et al. (1992) calculated using depth recorders that the first dives occur 3 h after leaving the colony and that birds probably start feeding 28 km from the coast.
Using satellite tracking for the first time in this species, w e investigated the foraging range of king penguins throughout the breeding cycle. This information allowed us to explore the links between the king penguin's foraging strategy and the functioning of the marine system. laying birds, recently hatched chicks and moulting chicks in the same colony. A total of 1000 birds were flipper-banded in a small colony (750 pairs) and observed daily or every 2 d during a 3 yr study to investigate the complex population dynamics of this species (Jouventin & Lagarde in press). To follow their feeding ecology at sea, 18 birds of known breeding status and sex (Table 1) were fitted with transmitters from January 1992 to August 1993, i.e. over the whole breeding cycle (incubation, brooding, chick rearing and winter). During the austral winter from April to September, the breeders stay at sea and stop their feeding trips: the chick fasts usually 4 to 5 mo before the parents' return (Cherel et al. 1987 , Weimerskirch et al. 1992b ).
TOYOCOM T.2038 platform terminal transmitters (PTT) were deployed by first glueing (with quick-set epoxy resin) a strip of plastic to the mid-dorsal feathers of the back. The PTT was attached with cable ties which were subsequently cut to recover the devices. They weigh 180 g, i.e. 1.5 % of the bird's body weight, and have a cross section of 7 cm2, i.e. less than 1 % of the frontal area, ratios considered low enough not to affect foraging (Wilson et al. 1986) .
To test the effect of the instruments, we compared foraging trip durations during incubation between birds (from the same colony and of the same breeding status) with (n = 9) or without (n = 45) transmitters. Trips tended to be longer in the birds with transmitters (16.2 + 5.3 versus 13.6 + 3.0 km) but the difference was not significant (t-test: t = 1.39, df = 52, p > 0.05).
MATERIAL AND METHODS
This study was carried out at Possession Island (46" 25' S, 51°45' E), Crozet Archipelago, SW Indian Ocean (Fig. 1) . The Crozet Islands (500 km2) are scattered in 2 groups over 150 km east to west surrounded by continental shelves. In the Crozet basin, the hydrography is particularly complex (Gamberoni et al. 1982) . There is no subantarctic zone, but a confluence of subantarctic and subtropical fronts in a narrow zone (Transition Frontal Zone) of 2 to 3" of latitude constitutes the Antarctic circumpolar current (Park et al. 1991 (Park et al. , 1993 .
The king penguin's breeding cycle is the longest in its family (14 mo) and complex because it is desynchronized, Data from 8 trips out of 18 were incomplete due to battery failure. We assumed that the birds came directly back to their colony where their presence date was noted, sometimes some days after arrival. So, compared to complete tracks, these incomplete trip durations are overestimated (Mann-Whitney test: U = 11, df = 15, p 0.05) but the length and the foraging range of incomplete trips are not significantly different from those of complete trips (MannWhitney test: U = 26, df = 15, p > 0.05 for both). Nevertheless, to prevent mistakes due to the inaccuracy of the return dates, only the trips after which the batteries were still working when the bird came back to the colony were used to calculate foraging trip variables (Table 1) .
The PTTs were adjusted to transmit every 90 S and the lithium batteries lasted for up to 3 wk. The location data were analysed using ELSA Software (Argos CLS, Toulouse, France). Four classes of location are received with the Argos system, with the following accuracy (with 1 standard deviation): Class 3, accuracy 150 m; Class 2, accuracy 350 m; Class 1, accuracy 1 km; Class 0, quality of the results to be determined by the user. The accuracy and quality of locations received in our lab vary as shown in our previous study on the wandering albatross (see Jouventin & Weimerskirch 1990 , Weimerslurch et al. 1992a ). The ARGOS system needs at least a 9 min surface resting period, i.e. 6 identical messages received consecutively, to obtain a Class 3 location. Porpoising and diving reduced the number of locations by half. The mean maximum swimming velocity of the king penguin has been calculated to be 14 km h-' (Kooyman & Davis 1987 ). In our field data there were no speeds between 14 and 17 km h-', 23 locations with speeds > l 7 km h-' out of the 858 were removed from the data set on this basis.
Maps of sea surface temperatures during the study were obtained from satellite data from the Meteorologie Nationale in Toulouse. Sunrises and sunsets were calculated from a n ephemeris (nautical almanac) Fig. 2 . Percentage of locations in relation to time of day RESULTS speeds were similar: 2.9 * 2 km h-', n = 149 and 2.7 * 1.8 km h-', n = 169 (F = 1.77, p = 0.153) respecGeneral pattern of tracks tively. Locations were recorded more accurately during the night than during the day (32.1 % in Class 2, Feeding trips by breeding penguins (17 tracks) were i.e. 350 m accuracy as opposed to 11.9% by day). distinguishable from the foraging trip undertaken during the chicks' winter fast.
Time (hours)
The foraging zone utilized by king penguins during Foraging range and trip length the breeding season (n = 17) was located between 43 and 53" S and 49 and 59" E.
The mean foraging range was 471 * 299 km (144 to Almost no king penguins foraged in the western half 1489 km, n = 18) and the mean duration was 16.8 + of the Archipelago ( Fig. 1; see also Fig. 4) . Only 2 loca-7.8 d (8 to 32.4 d, n = 10). The mean total length of tions out of 858 were situated west of the line dividing trips was 1239 * 671 km (391 to 3893 km, n = 18), i.e. the 2 groups of islands. 64 * 15 km daily.
Relation to time of day
Few locations were recorded around 23:OO h local time (LT), while none were recorded from 9:00 to 12:00 h LT (Fig. 2) . Distances covered at night were significantly different from those covered during daylight, 28 * 18 km, n = 149 and 38 + 26 km, n = 169 (F= 8.16, df = 2,341, p 0.001) respectively. But, this reflected differences in night and day durations, and swimming A sexual difference?
There was a large variation in foraging range, trip duration and length between individuals but no difference was observed between the sexes (8 males and 9 females). However, males foraged more to the east (mean longitude: 54.98 + 2.53" versus 53.81 * 1.70" E; F = 62.91, df = 1.833, p c 0.001) and less to the south (mean latitude: 47.77 * 1.54" versus 48.10 * 2.01" S; F = 6.51, p = 0.008) than females.
Two types of tracks?
Two types of trip were distinguished, by their degree of ellipticity (Fig. 3): (1) Twelve 'direct' trips seemed drawn to 1 geographic zone, usually south. Within these trips, we can observe 3 distinct parts that are significantly different (F = 8.93, df = 2,190, p < 0.001) with respect to mean swimming speed and distance covered daily: a direct path with a relatively constant heading, south-southwest to east (distances covered daily: 70 * 32 km, n = 109); a foraging period where the distances covered were short (51 * 27 km, n = 67), the locations were near to each other and the heading changes were erratic; and a direct return (74 + 31 km, n = 17).
(2) Five 'circular' trips showed a loop around the Crozet Islands with several foraging stops. They occurred eastwards of the north-south axis of the 'direct' tracks and were significantly shorter (Mann-Whitney test: U = 8, p c 0.05) with a shorter foraging range (Mann-Whitney test: U = 9, p c 0.05) than 'direct' trips.
Relation to breeding phases
In Fig. 4 , we consider the trips in relation to the breeding phases. Nine birds were tracked (Table 1) during the incubation phase (I), 4 during the brooding phase (11), 2 during the initial growth of the emancipated chick (111) and 2 during the final growth of the chick (IV). One additional bird was tracked dunng the winter fasting period when adult birds rarely feed their chicks.
The mean foraging range was similar during the first 2 phases but was nearly 2 times longer in the following phases ( Table 2 ). The distances covered were greatest in these last 2 phases, while the brooding phase showed the shortest and the incubation period showed intermediate trips. Consequently, the distance covered daily was greatest during initial growth and least during final growth, the incubation and brooding periods being similar.
Between the beginning and the end of incubation, trip durations decreased from 21.2 k 1.7 to 12.6 * 1.0 d and foraging ranges from 456 * 33 to 292 ? 29 km:
around hatching time, the trips became shorter, 'circular' and apparently erratic. When the breeding cycle was almost over, the overall distribution at sea moved from a north-south to a n east-west axis (Fig. 4) .
Foraging in winter
The winter food shortage is probably the main feature of the lung penguin breeding cycle: chick feeding stops for 4 to 5 mo in the middle of the breeding season.
In spite of the difficulty involved in recovering the transmitter during this phase, 1 bird was equipped (Table 1, No. 18) . In contrast to other long trips, the track was not direct but involved several stops, some as near as 28 km from the breeding grounds, as in a 'circular' trip (Fig. 4, W) . Until the depletion of batteries (35 d), the track, heading southeast, was the longest (at least 3893 km) reaching the limit of the pack ice.
DISCUSSION

General pattern of tracks
The breeding king penguins are the most pelagic of penguins (Table 3) . No king penguins were recorded north of 43" 5' S in the warmer waters. Our satellite data concerning the foraging zone utilized confirm our previous observations at sea dunng oceanographic cruises in the Indian Ocean. Stahl (1987) saw king penguins swimming only from 43 to 54" S and we obtained satellite locations from 43 to 53" S (winter excluded). Compared to published data on the breeding biology competition which prevents eastern foragers using the of the king penguin in the Crozet Islands (Weimerswestern half of the Crozet Archipelago. We hypothekirch et al. 1992b), our trips during the phase of final size that a partitioning of marine resources occurs chick growth were particularly long. Fitted birds perbetween the colonies of the 2 groups of islands, as has haps finished their breeding cycle after the last chick been demonstrated in the Kerguelen Archipelago for feeding and stayed at sea. This would account for the the black-browed albatross Diomedea melanophris delay in Oui sightings of these birds at the colony in the (Weirnerskirch et al. 1988 ). following weeks.
During winter, the very long track was consistent with sojourns at sea of several weeks or months.
Predator-prey interactions During the period 1 May to 31 August (austral winter), 47.8 % of chicks were never fed, 26.1 % were fed once
The fewer and less-accurate locations of penguins and 26.1 % twice (Weimerskirch et al. 1992b ). Marine during the day compared to night reflect the fact that productivity is at its minimum during winter (Foxton penguins are deep-diving and do not spend enough 1956) and the birds probably have difficulty finding time at the surface to provide an accurate location. The food for their chicks.
diving pattern is in turn related to the vertical migraThe lack of locations of foraging penguins to the tion of their main prey from deeper water during the west of the Crozet Islands may be explained by the disday to shallower water at night. tribution of populations of this species in the Crozet We obtained no locations between 9:00 and 12:OO h Archipelago (Fig. 1 insert) . There are large numbers LT. Kooyman et al. (1992) using depth recorders did not of king penguins in the eastern group of islands observe so clear a pattern. However, these authors (55 000 pairs on Possession Island and 100 000 on Est showed that a difference exists between shallow diving Island), and twice as many penguins breed in the at night (0 to 40 m) and the deep daytime dives (100 to western part (300 000 pairs at Cochons Island, the 300 m). One of the 3 major prey species of the king penlargest colony in the world). This may result in strong guin, the myctophid fish Krefftichthys anderssoni, migrates in schools from 200 to 400 m in the day to nearsurface levels at night as shown by combined acoustic (Hulley 1981) which show the same vertical migration and are widely distributed throughout the Southern Ocean between the Subtropical Convergence and the Antarctic Polar Front.
The Crozet Plateau is situated in the zone of modified Antarctic waters (the Polar Frontal Zone, between the Transition Frontal Zone and the Antarctic Polar Zone, according to Park et al. 1991 ). The 5OC isotherm, which defines the upper limit of water masses where the myctophid community most commonly lives (e.g. Gon & Heemstra 1990), is near the surface here (Fig. 5, lower  part) . On the Polar Front, this isotherm reaches the surface and therefore the myctophids probably do also. Percentage of locations in relation to latitude (from this study) and water temperature cross section in "C (from Park et al. 1993) To the north, the fishes are found deeper (100 to 300 m). At lower latitudes, cold water masses flow at greater depths (1000 m) and myctophids are below the limit of penguins' diving ability. All the locations of our king penguins were obtained in the zone of modified Antarctic waters around the Crozet Islands, where the myctophids are available to diving penguins (Fig. 5, upper part) . Near the Antarctic circumpolar current (where cold water masses flow), we found fewer locations of penguins than near the Polar Front. The distribution of king penguins at sea (as shown by our satellite data) fits well with described oceanographic features (temperature cross sections and the Polar Front) as well as with the biology of its prey.
Foraging range and strategy throughout the breeding cycle
Why was there so great a discrepancy between the direct data of the foraging range by satellite tracking and the indirect data by estimation (see the 'Introduction')? The key factor inay lie in the timing of previous studies: they were all conducted during one period of the breeding cycle, at the end of incubation and brooding when the tracks a r e shortest ( Table 2) . Mean foraging ranges presented in this study were determined throughout the breeding cycle.
Secondly, why were the foraging patterns so variable in the same breeding phase? We observed 6 'direct' a n d 3 'circular' tracks during the incubation (I). The latter occurred at the end of the incubation period (Fig. 4) The 2 other 'circular' tracks occurred during the brooding phase (11). These 'circular' and short trips, where stops, presumably for feeding, seem to occur without clearly defined direction. Kooyman et al. (1992) found diving taking place soon after penguins left the colony. Wandering albatrosses similarly greatly reduce their trips close to hatching (Jouventin & Weimerskirch 1990 , Weimerskirch & Wilson 1992 , Weimerskirch et al. 1993 .
To summarize, 2 foraging strategies (Fig. 3) , or 3 including the winter track (Fig. 4, W) , seem to exist in king penguins but have to b e confirmed by additional data: 'direct' tracks to a predictable marine resource (long trips); 'circular' tracks, apparently erratic, to a less-predictable resource (short trips), when duration is limited by the nearness of hatching; and winter tracks (Fig. 4, W) , if our single and incomplete result can be generalized, showing a mixed strategy, i.e. a long and erratic trip, when food is difficult to find.
The position of the Polar Front around the Crozet Islands shows interannual spatial variability a n d sea surface temperatures for the 2 yr of studies we presented (Nagata et al. 1988) . No difference in foraging locations was observed. Usually, in January, when the king penguins are laying, tracks head directly to the south towards the Polar Front, which is some 300 km south of the Crozet Islands. We assume that it would be easier to catch fishes a t the Polar Front zone. The No. 1 male and the No. 6 female of the same breeding status moved independently within 1 d to the Polar Front with the same typical 'direct' pattern. In November-December, when chicks are in the final growth phase and when tracks head to the east, the Polar Front is right in the middle of the Crozet Islands (Fig. l ) , the west part being assumed to be occupied by Cochons Island foragers.
